1. Introduction {#sec1}
===============

Significant changes in the social consumption of carbon sources can be expected in the near future due to the rapid depletion of fossil carbon sources.^[@ref1]^ As a regenerable carbon source for commodity chemicals, biomass has attracted more and more intense attention.^[@ref2],[@ref3]^ High-value chemicals can be prepared using the so-called "platform molecules" derived from biomass as feedstocks.^[@ref4]^ Lactic acid (or lactate) is one such platform molecule, which is readily obtained from biomass fermentation.^[@ref4]^ Direct oxidation of ethyl lactate to ethyl pyruvate is especially important, since it is a promising route to produce ethyl pyruvate, a key intermediate in the pharmaceuticals, agrochemicals, food additive sectors, and cosmetics.^[@ref5]−[@ref7]^ Ethyl pyruvate itself can be used as a highly effective active ingredient in flavors, fragrances, and air fresheners because of its special aroma. Ethyl pyruvate is also an important raw material for synthetic resins and plastics. Thus, the demand for the artificial synthesis of ethyl pyruvate is extremely high.

The aerobic oxidation of ethyl lactate to ethyl pyruvate has been widely studied in recent years owing to its friendly environment and high atom economy. However, challenges still remain in obtaining high yield of ethyl pyruvate due to overoxidation of lactate as well as decomposition of pyruvates (usually by decarbonylation or decarboxylation). It was reported that these side reactions can be repressed in liquid-phase systems,^[@ref7]^ in which noble-metal catalysts are often required for oxygen activation under a mild reaction condition.^[@ref8]^ Pb (or Te)-doped Pd--metal alloy on activated carbon and bimetallic Pb--Pt on carbon materials were once used for pyruvate production.^[@ref9],[@ref10]^ High yields can be obtained using an excess of NaOH or LiOH. Despite that, developing simple, environmentally benign, inexpensive, and recyclable catalysts is still indispensable for the commercial replacement of fossil-based carbon sources by biobased ones.

Recently, activated carbon supported Cu, Fe, Co, and V oxides have been explored for the aerobic oxidation of ethyl lactate to ethyl pyruvate.^[@ref11]^ Vanadium oxide is superior to other metal oxides. Supported vanadia was found to be more active when adding pyridine-type additives, through complexation of this additive to the substrate, followed by the oxidation on V active site.^[@ref11]^ Based on that, vanadium--nitrogen-doped carbon nanosheets were prepared, which can convert ethyl lactate with oxygen into ethyl pyruvate under mild conditions, although auxiliary reagent needed to be added to suppress the occurrence of side reactions.^[@ref12]^ The pyridinic N-oxide species in the catalyst was found to act synergistically with vanadium active sites in converting ethyl lactate with oxygen.^[@ref12]^ Mesoporous vanadia--titania was also efficient and recyclable in the conversion of ethyl lactate to ethyl pyruvate.^[@ref13]^ The V^4+^--O--Ti bonds were thought to play a key role in the reaction.

Graphitic carbon nitride (g-C~3~N~4~) is a kind of polymeric material comprising s-triazine or s-heptazine units. Its nitrogen-rich property provides abundant anchoring sites, which may facilitate the dispersion and stability of metal oxide species.^[@ref14],[@ref15]^ Thus, we prepared vanadia supported on g-C~3~N~4~ as an efficient catalyst in the aerobic oxidation of ethyl lactate to ethyl pyruvate. Low calcination temperature of vanadia and unique interaction between vanadia and g-C~3~N~4~ can greatly enhance the activity of the V species, leading to excellent yield of ethyl pyruvate. Moreover, V~2~O~5~/g-C~3~N~4~ catalysts exhibited good stability in terms of ethyl lactate conversion and ethyl pyruvate yield. The reasons for the remarkable performance of the V~2~O~5~/g-C~3~N~4~ catalyst were also elucidated.

2. Results and Discussion {#sec2}
=========================

2.1. Structure of Catalysts {#sec2.1}
---------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} exhibits the X-ray diffraction (XRD) patterns of V~2~O~5~/g-C~3~N~4~ with different V~2~O~5~ contents. All of the samples exhibit the characteristic peaks at 2θ of 13.2 and 27.7°, attributed to the (100) and (002) faces of g-C~3~N~4~. The diffraction patterns corresponding to V~2~O~5~ are also found for the samples, whose intensity increases with the V~2~O~5~ content. However, the peak intensities are all very weak, manifesting the tiny grain sizes. The XRD patterns of V~2~O~5~ and V~2~O~5~/TiO~2~ calcined at 300 and 550 °C are shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). It is obvious that the catalysts obtained at 550 °C have more intense peaks as compared with those calcined at 300 °C because the aggregation and crystallization of vanadia species increase with the calcination temperature.

![XRD patterns of (a) g-C~3~N~4~, (b) 5V~2~O~5~/g-C~3~N~4~, (c) 10V~2~O~5~/g-C~3~N~4~, (d) 13V~2~O~5~/g-C~3~N~4~, (e) 15V~2~O~5~/g-C~3~N~4~, (f) 20V~2~O~5~/g-C~3~N~4~, and (g) 25V~2~O~5~/g-C~3~N~4~.](ao0c01822_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} displays the FT-IR spectra of V~2~O~5~/g-C~3~N~4~ catalysts together with V~2~O~5~ (300 °C) and g-C~3~N~4~. All of the characteristic vibration modes of g-C~3~N~4~ are clearly seen in these spectra, indicating that the basic structure of g-C~3~N~4~ still remains after vanadia loading. The strong absorption band located at 1250--1700 cm^--1^ belongs to the typical skeletal stretching and bending vibrations of the s-triazine or tri-s-trizaine. The sharp peak at 808 cm^--1^ is ascribed to the breathing vibrations of the triazine.^[@ref16]^ The stretching vibration modes of the N--H components or the O--H bands in the range of 3100--3300 cm^--1^ are accompanied by absorption of uncondensed amino groups and H~2~O molecules. A significant shift of this band can also be seen, which may be due to the interaction between g-C~3~N~4~ and vanadia species. It is worth mentioning that all of the supported catalysts contain a weak but noticeable peak at 1015 cm^--1^, which is attributed to the stretching modes of V=O bonds.^[@ref17],[@ref18]^

![FT-IR spectra of (a) 5V~2~O~5~/g-C~3~N~4~, (b) 10V~2~O~5~/g-C~3~N~4~, (c) 13V~2~O~5~/g-C~3~N~4~, (d) 15V~2~O~5~/g-C~3~N~4~, (e) 20V~2~O~5~/g-C~3~N~4~, (f) 25V~2~O~5~/g-C~3~N~4~, (g) g-C~3~N~4~, and (h) V~2~O~5~ (300 °C).](ao0c01822_0002){#fig2}

The scanning electron microscopy (SEM) images of the catalysts are illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. It can be noticed that g-C~3~N~4~ is mainly composed of small particles and flakes, and the pore structure is closely arranged. No clear differences in morphology were found after V~2~O~5~ loading, signifying that V~2~O~5~ did not destroy the g-C~3~N~4~ structure, which is in accordance with the results of XRD and FT-IR.

![SEM images of (a) g-C~3~N~4~, (b) 5V~2~O~5~/g-C~3~N~4~, (c) 10V~2~O~5~/g-C~3~N~4~, (d) 13V~2~O~5~/g-C~3~N~4~, (e) 15V~2~O~5~/g-C~3~N~4~, (f) 20V~2~O~5~/g-C~3~N~4~, (g) 25V~2~O~5~/g-C~3~N~4~, and (h) V~2~O~5~ (300 °C).](ao0c01822_0003){#fig3}

The N~2~ adsorption--desorption isotherms of g-C~3~N~4~ and V~2~O~5~/g-C~3~N~4~ are recorded and shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). All display similar type III isotherm with type H3 hysteresis loops, revealing that all materials have interparticle voids. The hysteresis loop of g-C~3~N~4~ starts at the relative pressure of ∼0.8 and shifts to lower values with the increasing of V~2~O~5~, suggesting that V~2~O~5~ loading widens the pore distribution of g-C~3~N~4~. The specific surface areas and pore volumes are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The loading of V~2~O~5~ has little impact on the specific surface area but has a great influence on the pore volume, which can be ascribed to the formation of small particles of V~2~O~5~ in the pores of g-C~3~N~4~, thus making the pore size and pore volume smaller. However, the crystallinity of the V~2~O~5~ particles is poor, which does not block the pore channels of g-C~3~N~4~.

###### Textural Properties of g-C~3~N~4~ and V~2~O~5~/g-C~3~N~4~

  sample                  *S*~BET~ (m^2^/g)   *V*~total~ (cm^3^/g)   pore size (nm)   V~2~O~5~ content (%)[a](#t1fn1){ref-type="table-fn"}
  ----------------------- ------------------- ---------------------- ---------------- ------------------------------------------------------
  5V~2~O~5~/g-C~3~N~4~    47                  0.20                   16.8             4.5
  10V~2~O~5~/g-C~3~N~4~   45                  0.18                   16.0             9.7
  13V~2~O~5~/g-C~3~N~4~   41                  0.17                   18.1             15.3
  15V~2~O~5~/g-C~3~N~4~   46                  0.17                   15.2             22.1
  20V~2~O~5~/g-C~3~N~4~   43                  0.19                   18.0             23.5
  25V~2~O~5~/g-C~3~N~4~   39                  0.16                   16.6             27.3
  g-C~3~N~4~              49                  0.33                   26.8              
  V~2~O~5~ (300 °C)       15                  0.10                                     

Weight percentage of V~2~O~5~ obtained by TGA.

The thermographic (TG) analysis was conducted and revealed in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). g-C~3~N~4~ is quite stable at the temperature below 500 °C, with only a slight loss of weight caused by the desorption of H~2~O and/or CO~2~ at the temperature of 20--200 °C. It is completely decomposed at 670 °C. When V~2~O~5~ is loaded on g-C~3~N~4~, the thermal stability of g-C~3~N~4~ decreases obviously. The V~2~O~5~-supported catalysts begin to decompose at about 450 °C. Since no weight loss was detected for V~2~O~5~ even when the temperature reached 800 °C, the exact V~2~O~5~ content in the V~2~O~5~/g-C~3~N~4~ catalysts can be measured by the remaining weight after TG experiments. These results are also shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, which are quite close to the contents added.

Raman spectroscopy is used to analyze the structural features of vanadium species, and the results are illustrated in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). It was reported that the bulk V~2~O~5~ can be identified according to the bands at 143, 195, 282, 405, 480, 527, 698, and 995 cm^--1^.^[@ref19]^ These bands can be identified on V~2~O~5~ (300 °C) and V~2~O~5~ (550 °C) as well as V~2~O~5~/g-C~3~N~4~ and V~2~O~5~/TiO~2~, indicating the formation of tiny V~2~O~5~ crystals on both the supports. The intensities of these peaks are weaker for V~2~O~5~/TiO~2~, showing better dispersion of vanadia species on TiO~2~ than on g-C~3~N~4~. Peaks at 513 and 637 cm^--1^ are attributed to the anatase phase of TiO~2.~^[@ref13],[@ref20],[@ref21]^ All of these are consistent with the XRD results.

![Raman spectra of (a) 13V~2~O~5~/TiO~2~ (300 °C) and (b) 13V~2~O~5~/g-C~3~N~4~.](ao0c01822_0004){#fig4}

2.2. Catalytic Performance {#sec2.2}
--------------------------

The activities of g-C~3~N~4~-supported V~2~O~5~ catalysts for the aerobic oxidation of ethyl lactate to ethyl pyruvate are evaluated and the results are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The control experiment revealed that the catalytic activity of g-C~3~N~4~ is low and the conversion of ethyl lactate is only 1.5%. When V~2~O~5~ was loaded, the catalytic activity improved significantly. The conversion of ethyl lactate increases dramatically with the V~2~O~5~ contents and then slowly decreases. This can be ascribed to the growth of V~2~O~5~ crystalline, resulting in a decrease of the surface V species. It is worth noting that 13V~2~O~5~/g-C~3~N~4~ shows the best activity, with the conversion of ethyl lactate reaching 96.2% within 4 h, which is significantly higher than the catalytic activity of the previously reported unsupported V~2~O~5~ catalyst.^[@ref13]^ In all cases, the selectivity does not reach 100% due to the occurrence of side reactions such as oxidative dehydrogenation, hydrolysis, and decarboxylation, leading to the formation of byproducts including acetic acid, ethanol, and acetaldehyde. This is exactly the same as the earlier reported result.^[@ref13],[@ref22]^

###### Summary of the Activities for Aerobic Oxidation of Ethyl Lactate to Ethyl Pyruvate

![](ao0c01822_0008){#fx1}

  catalyst                                                conversion (%)[a](#t2fn1){ref-type="table-fn"}   selectivity (%)[a](#t2fn1){ref-type="table-fn"}   yield (%)[a](#t2fn1){ref-type="table-fn"}   TOF (h^--1^)[b](#t2fn2){ref-type="table-fn"}
  ------------------------------------------------------- ------------------------------------------------ ------------------------------------------------- ------------------------------------------- ----------------------------------------------
  5V~2~O~5~/g-C~3~N~4~                                    64.7 (27.0)                                      87.3 (86.3)                                       56.5 (23.3)                                 33.9
  10V~2~O~5~/g-C~3~N~4~                                   79.0 (42.6)                                      87.4 (87.4)                                       69.1 (37.2)                                 27.1
  13V~2~O~5~/g-C~3~N~4~                                   96.2 (67.4)                                      85.6 (88.1)                                       82.2 (59.4)                                 33.2
  15V~2~O~5~/g-C~3~N~4~                                   87.3 (60.3)                                      86.5 (86.5)                                       75.5 (52.2)                                 25.3
  20V~2~O~5~/g-C~3~N~4~                                   87.6 (61.4)                                      87.6 (86.6)                                       76.8 (53.2)                                 19.4
  25V~2~O~5~/g-C~3~N~4~                                   73.4 (50.4)                                      87.9 (87.9)                                       64.5 (44.3)                                 12.9
  V~2~O~5~ (300 °C)                                       94.0 (29.8)                                      91.3 (91.7)                                       85.8 (27.3)                                 2.0
  V~2~O~5~ (550 °C)                                       17.3 (7.1)                                       82.1 (82.5)                                       14.2 (5.9)                                  0.4
  13V~2~O~5~/TiO~2~ (300 °C)                              99.8 (49.8)                                      60.2 (82.2)                                       60.1 (40.9)                                 22.9
  13V~2~O~5~/TiO~2~ (550 °C)                              98.7 (20.9)                                      67.4 (84.5)                                       66.5 (17.7)                                 9.9
  g-C~3~N~4~                                              1.5                                              78.2                                              1.2                                          
  13V~2~O~5~/g-C~3~N~4~[c](#t2fn3){ref-type="table-fn"}   96.0 (64.4)                                      83.8 (84.5)                                       80.5 (54.4)                                 30.4

The values outside and inside the bracket are the data obtained at 4 and 2.5 h, respectively. Conditions: 10 mmol ethyl lactate, 2 mL diethyl succinate, 50 mg catalyst, 130 °C, and 1 atm O~2~.

Calculated as moles of ethyl pyruvate formed per moles of V per hour at 2.5 h.

Reaction conditions are magnified 5 times.

Since higher calcination temperature (550 °C) is usually used in the preparation of V~2~O~5~-based catalysts in the previous work, the effect of calcination temperature on the catalytic activity of V~2~O~5~ is also studied. As demonstrated in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the activity of V~2~O~5~ calcined at 300 °C is much higher than the one calcined at 550 °C, although it is still less active than 13V~2~O~5~/g-C~3~N~4~. The TiO~2~-supported vanadia catalyst calcined at 300 °C is also found to be more active as compared with the one calcined at 550 °C. The above results indicate that a low calcination temperature may account for the excellent activity of 13V~2~O~5~/g-C~3~N~4~, higher than that of the similar vanadium--nitrogen-doped carbon nanosheets prepared at 400 °C.^[@ref12]^

It was reported that TiO~2~ was a good support for V~2~O~5~ because of its strong interaction with V species.^[@ref20]^ Therefore, the catalytic activity of the TiO~2~-supported V~2~O~5~ catalyst in the oxidation of ethyl lactate was investigated. Similarly, 13V~2~O~5~/TiO~2~ had superior activity than that of the unsupported V~2~O~5~ calcined at the same temperature, although it contained less V~2~O~5~. It seemed that dispersing V~2~O~5~ on the support favored the activity since more V species can be exposed on the surface. However, 13V~2~O~5~/TiO~2~ was less active than 13V~2~O~5~/g-C~3~N~4~ with the same V~2~O~5~ content. Since V~2~O~5~ was better dispersed on TiO~2~ as compared with g-C~3~N~4~, the above difference in activity may have originated from the different effects of the supports on V species.

2.3. UV--vis Studies {#sec2.3}
--------------------

The interaction between g-C~3~N~4~ and vanadium species can be identified by means of UV--vis diffuse reflectance spectroscopy. As seen from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, two intense peaks at around 260 nm and 368 nm can be observed on the spectrum of g-C~3~N~4~. The absorption edge shows a significant red shift after V~2~O~5~ is loaded. This phenomenon was found previously in studies of metal-doped g-C~3~N~4~, in which a red shift was due to the interaction of N species in g-C~3~N~4~ with metal or metal-based complexes.^[@ref23]−[@ref25]^ Absorption edge energy (*E*~g~) is obtained by the Kubelka--Munk equation \[*hνF*(*R*∞)\]^2^ = *A*(*hν* -- *E*~g~).^[@ref26]^ The results show that the *E*~g~ value gradually decreased from 2.85 to 2.68 eV as the vanadium content increased from 0 to 13% ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf), Supporting Information). When the vanadium content exceeds 13%, the *E*~g~ value remains substantially unchanged. This band gap reduction is thought to enhance the electron transport capability, accelerating the formation of reduced V species. The reducing species is considered to be an important agent for forming superoxide radicals, which can increase the oxidation activity.^[@ref27]^ The above result is consistent with the catalytic behaviors of V~2~O~5~/g-C~3~N~4~ in the aerobic oxidation of ethyl lactate.

![UV--vis absorption spectra of (a) g-C~3~N~4~, (b) 5V~2~O~5~/g-C~3~N~4~, (c) 10V~2~O~5~/g-C~3~N~4~, (d) 13V~2~O~5~/g-C~3~N~4~, (e) 15V~2~O~5~/g-C~3~N~4~, (f) 20V~2~O~5~/g-C~3~N~4~, and (g) 25V~2~O~5~/g-C~3~N~4~.](ao0c01822_0005){#fig5}

2.4. Temperature-Programmed Reduction (TPR) and X-ray Photoelectron Spectroscopy (XPS) {#sec2.4}
--------------------------------------------------------------------------------------

The H~2~-TPR experiment is performed to study the redox ability of V species. The results are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. As we know, the lower reduction temperature means the stronger ability to provide active oxygen, i.e., a better redox ability.^[@ref28]^ The reduction temperature of V~2~O~5~ calcined at 300 °C is lower than that calcined at 550 °C, which means that the former has a better redox ability. A similar result can be obtained for the 13V~2~O~5~/TiO~2~ catalyst. It can also be seen that the reduction temperatures of 13V~2~O~5~/TiO~2~ and 13V~2~O~5~/g-C~3~N~4~ are significantly lower than that of vanadia particles, suggesting that the support has a great influence on the reduction of the V species, which may be due to the good dispersion of vanadia. Since 13V~2~O~5~/g-C~3~N~4~ would decompose at the temperature higher than 500 °C, its TPR profiles are deconvoluted and illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B. The first peak is considered as the reduction of the highly dispersed V species and the corresponding peak temperature is significantly lower than that of 13V~2~O~5~/TiO~2~, which demonstrates that V species supported on g-C~3~N~4~ have better redox capacity than those supported on TiO~2~.

![(A) H~2~-TPR profiles of (a) V~2~O~5~ (550 °C), (b) 13V~2~O~5~/TiO~2~ (300 °C), (c) 13V~2~O~5~/TiO~2~ (550 °C), (d) 13V~2~O~5~/g-C~3~N~4~, and (e) V~2~O~5~ (300 °C). (B) Deconvolution curve of 13V~2~O~5~/g-C~3~N~4~.](ao0c01822_0006){#fig6}

The XPS spectra of various V~2~O~5~ catalysts are recorded. The deconvoluted spectra in the O (1s) and V (2p) region are illustrated in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). The spectrum of O~1s~ can be fitted into two peaks. The high-intensity peak at 530.8 eV is ascribed to the lattice oxygen (O~latt~), while the low-intensity one at 532.5 eV is assigned to the chemisorbed oxygen (O~ads~).^[@ref29],[@ref30]^ A higher surface O~ads~/O~latt~ ratio can be obtained with catalysts calcined at low temperatures compared with those calcined at high temperatures ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). In addition, the supported catalysts have a higher O~ads~/O~latt~ ratio than the unsupported counterparts. It is worth noting that 13V~2~O~5~/g-C~3~N~4~ has the highest surface O~ads~/O~latt~ ratio among these catalysts. Previous studies have shown that the surface-adsorbed oxygen (O~ads~), which is located at surface defects, is easier to reduce.^[@ref31]−[@ref33]^ Other literature has also shown that the surface-adsorbed oxygen is the most active species in aerobic oxidation, which promotes the exchange of gaseous oxygen with the surface-adsorbed ones.^[@ref34]−[@ref37]^ Since a high surface O~ads~/O~lat~ ratio means the facile activation of oxygen molecules on the catalyst, the above results are quite consistent with the catalytic activities.

###### XPS Results of V~2~O~5~, 13V~2~O~5~/g-C~3~N~4~, and 13V~2~O~5~/TiO~2~

                               V 2p~3/2~ peaks   O 1s peaks                          
  ---------------------------- ----------------- ------------ ------ ------- ------- ------
  V~2~O~5~ (300 °C)            516.8             517.9        0.85   532.1   530.8   0.73
  V~2~O~5~ (550 °C)            516.4             517.5        0.38   532.6   530.3   0.49
  13V~2~O~5~/g-C~3~N~4~        516.1             517.2        1.76   532.6   530.8   1.84
  13V~2~O~5~/TiO~2~ (300 °C)   517.8             518.9        1.11   532.5   531.0   1.13
  13V~2~O~5~/TiO~2~ (550 °C)   516.5             517.6        0.57   531.4   530.4   0.58

For the V~2p~ spectra, two peaks at ∼524.5 and ∼517.0 eV were detected, corresponding to the V 2p~1/2~ and V 2p~3/2~ levels, respectively. The latter one can be deconvoluted into two peaks with binding energies of 517.5 and 516.8 eV, assigned to the V^5+^ and V^4+^ states in vanadium oxide, respectively.^[@ref38],[@ref39]^ The V^4+^ species were reported to play a crucial role in the catalytic oxidation, as more V^4+^ species meant more defect sites with unsaturated chemical bonds, resulting in increased surface-chemisorbed oxygen species.^[@ref34]^ As we can see from [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, the ratio of V^4+^/V^5+^ has the same regularity with O~ads~/O~lat~ in all of the catalysts, which further proves the above conclusion.

2.5. Reusability of the Catalyst {#sec2.5}
--------------------------------

The reusability of the 13V~2~O~5~/g-C~3~N~4~ catalyst in the aerobic oxidation of ethyl lactate to ethyl pyruvate was also investigated. After reacting at 2.5 h, the catalyst was filtered out and then dried for repeatability testing. The results are listed in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The activity of the catalyst decreased very slowly in succession. The selectivity to ethyl pyruvate reduced a bit after the first run and remained unchanged after the second and third circles. All in all, the ethyl pyruvate yield reduced only by less than 10% after being reused four times. The recycling of 13V~2~O~5~/g-C~3~N~4~ after 4 h of oxidation of ethyl lactate was also conducted, and the results are illustrated in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). Similar results can be obtained, showing that 13V~2~O~5~/g-C~3~N~4~ was quite stable in liquid-phase reactions.

![Recycling of 13V~2~O~5~/g-C~3~N~4~ in the aerobic oxidation of ethyl lactate at 2.5 h.](ao0c01822_0007){#fig7}

[Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} presents a summary of the catalytic activities of the significant systems published before for the aerobic oxidation of ethyl lactate to ethyl pyruvate. A high yield of ethyl pyruvate can be obtained over our present recyclable catalyst under mild conditions without the addition of any auxiliary reagent or precious metal, which exhibits a promising application in the industry. To exclude the possibility of active material leaching, a hot filtration experiment is also carried out, and the results are shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf) (Supporting Information). The oxidation was conducted for the first 2.5 h catalyzed by 13V~2~O~5~/g-C~3~N~4~ and then go on for the next 2.5 h without 13V~2~O~5~/g-C~3~N~4~. The results show that there is no significant increase in the yield without a catalyst, indicating that the reaction is predominantly heterogeneous.

###### Summary of the Activities for Aerobic Oxidation of Ethyl Lactate to Ethyl Pyruvate over Various Catalysts

  catalyst                temperature (°C)   catalyst/lactate (%)   reaction time (h)   conversion (%)   selectivity (%)   TOF[a](#t4fn1){ref-type="table-fn"} (h^--1^)   ref
  ----------------------- ------------------ ---------------------- ------------------- ---------------- ----------------- ---------------------------------------------- --------------
  13V~2~O~5~/g-C~3~N~4~   130                4.2                    4                   96.2             85.6              29                                             present work
  CoO~*x*~/C              130                4.2                    4                   1                64                1.3                                            ([@ref11])
  CuO~*x*~/C              130                4.2                    4                   2.2              20                0.8                                            ([@ref11])
  FeO~*x*~/C              130                4.2                    4                   2.4              47                2.0                                            ([@ref11])
  Ru/C                    130                4.2                    4                   9                99                9.0                                            ([@ref11])
  Pt/C                    130                4.2                    4                   4                97                45                                             ([@ref11])
  VO~*x*~/C               130                4.2                    4                   34               84                56                                             ([@ref11])
  V-NCNs                  130                4.2                    9                   99               86.6              62                                             ([@ref12])
  VCl~3~                  130                5                      4                   63.9             12.3              0.5                                            ([@ref13])
  VOSO~4~                 130                5                      4                   63.4             32.9              1.4                                            ([@ref13])
  VO(acac)~2~             130                5                      4                   79.9             64.1              5.7                                            ([@ref13])
  NH~3~VO~3~              130                5                      4                   64.3             72.6              2.3                                            ([@ref13])
  V~2~O~5~                130                5                      4                   13.9             61.8              0.3                                            ([@ref13])
  VCl~3~\@VTN             130                5                      4                   20.8             85.1              61                                             ([@ref13])
  VOSO~4~\@VTN            130                5                      4                   25.6             71.3              86                                             ([@ref13])
  VO(acac)~2~\@VTN        130                5                      4                   28.8             78.5              97                                             ([@ref13])
  NH~4~VO~3~\@VTN         130                5                      4                   34.6             89.4              118                                            ([@ref13])
  TiO~2~                  130                1                      6                   50               75                4.3                                            ([@ref40])
  VO~*x*~/P4VP            130                4.2                    8                   84               90                70                                             ([@ref11])

Calculated as moles of ethyl pyruvate formed per moles of the total metal per hour.

3. Conclusions {#sec3}
==============

Ethyl lactate can be converted to ethyl pyruvate effectively by aerobic oxidation over V~2~O~5~/g-C~3~N~4~ catalysts without any auxiliary reagent. The superior catalytic performance comes from abundant defect sites with unsaturated chemical bonds on the vanadia surface, derived from the low calcination temperature of catalysts and the unique interaction between g-C~3~N~4~ and supported V~2~O~5~, resulting in an increase in the surface-chemisorbed oxygen species. These chemisorbed oxygen are more easily reduced, leading to enhanced oxidation activity. The V~2~O~5~/g-C~3~N~4~ catalyst is also very stable, which can be easily separated and reused multiple times.

4. Experimental Section {#sec4}
=======================

4.1. Reagent and Materials {#sec4.1}
--------------------------

Urea, anatase titanium (99.8%, 5--10 nm), ethyl lactate (≥99.0%), diethyl succinate (99%), ethyl pyruvate (99%), and NH~4~VO~3~ were sourced from Aladdin and used as received.

4.2. Catalyst Preparation {#sec4.2}
-------------------------

g-C~3~N~4~ was synthesized by the self-condensation of urea. In a typical synthesis, 10 g of urea in a covered ceramic crucible was heated under an airflow at 550 °C for 2 h at a heating rate of 2 °C/min. The resulting product was ground into powder, and 0.5 g of it was dispersed in 15 mL of deionized water, followed by the addition of a calculated amount of NH~4~VO~3~, stirring at 80 °C for 1 h, drying, and calcining in a muffle furnace for 3 h at 300 °C. The obtained product was designated as *x*V~2~O~5~/g-C~3~N~4~, where *x* represented the weight percentage of V~2~O~5~. V~2~O~5~ was synthesized by the thermal decomposition of NH~4~VO~3~ for comparison. V~2~O~5~/TiO~2~ is prepared by the same method as V~2~O~5~/g-C~3~N~4~, except that the g-C~3~N~4~ support is replaced with anatase-type titanium oxide.

4.3. Characterization of Catalysts {#sec4.3}
----------------------------------

X-ray diffraction (XRD) was carried out on a Persee XD-2 X-ray diffractometer using a Cu Kα radiation (λ = 0.15418 nm) at 40 kV and 30 mA with a range of 10--80°. Fourier transform infrared spectra (FT-IR) were obtained by a Nicolet iS10 spectrometer. Scanning electron microscopy (SEM) measurements were conducted on a field-emission scanning electron microscope (FESEM, Ultra 55, Zeiss, Germany) with an acceleration voltage of 20.0 kV. X-ray photoelectron spectra (XPS) were obtained with a Mg Kα radiation (*hν* = 1253.6 eV) on a Perkin-Elmer PHI 5000C spectrometer. All binding energy values were referenced to the C~1s~ peak at 284.6 eV. UV--vis diffuse reflectance spectroscopy was performed on a Shimadzu UV-2450 UV spectrometer with BaSO~4~ as a reference calibration. The Brunauer--Emmett--Teller (BET) surface area and pore volume of the catalysts were calculated from N~2~ adsorption isotherms at liquid N~2~ temperature using a Micromeritics ASAP 2000 instrument. Thermogravimetric (TG) analysis was conducted on a thermal analyzer SETSYS-1750 (SETARAM Instrumentation, France) under the inflow of air with a ramp rate of 10 °C/min from 20 to 900 °C. Raman spectroscopy was measured on a Horiba JY XploRA Raman spectrometer using a 532 nm line as an excitation source with a measurement range of 100--1200 nm. The H~2~-TPR was performed in a Micromeritics AutoChem II apparatus under 10% H~2~/Ar flow (40 mL/min). The experiments were conducted on 150 mg of catalyst from room temperature to 800 °C at a ramping rate of 10 °C/min.

4.4. Catalytic Testing {#sec4.4}
----------------------

The aerobic oxidation of ethyl lactate to ethyl pyruvate was carried out in a round-bottom flask with a reflux condenser under magnetic stirring. Typically, 50 mg of catalyst was added into the mixture of 10 mmol ethyl lactate and 2 mL of diethyl succinate. The reaction was conducted at 130 °C with an O~2~ stream of 20 mL/min. The products were analyzed by a GC9560 gas chromatograph equipped with a SE-30 capillary column (30 m × 0.25 mm × 0.3 μm) using biphenyl as an external standard.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01822](https://pubs.acs.org/doi/10.1021/acsomega.0c01822?goto=supporting-info).XRD patterns of the catalysts; N~2~ adsorption--desorption isotherms of the catalysts; TG thermograms of the catalysts; Raman spectra of the catalysts; *E*~g~ value corresponding to different catalysts in UV diffuse reflectance spectroscopy; XPS spectra of V~2p~ and O~1s~ in the catalysts; recycling experiment of 13V~2~O~5~/g-C~3~N~4~; and leaching experiment of 13V~2~O~5~/g-C~3~N~4~ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01822/suppl_file/ao0c01822_si_001.pdf))
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